Modafinil has been shown to promote wakefulness and some studies suggest the drug can improve cognitive function. Because of many similarities, the mechanism of action may be comparable to classical psychostimulants, although the exact mechanisms of modafinil's actions in wakefulness and cognitive enhancement are unknown. The current study aims to further examine the effects of modafinil as a cognitive enhancer on hippocampus-dependent memory in mice. A high dose of modafinil (75 mg/kg ip) given before training improved acquisition on a Morris water maze. When given only before testing, modafinil did not affect water maze performance. We also examined modafinil (0.075 to 75 mg/kg) on Pavlovian fear conditioning. A low dose of pretraining modafinil (0.75 mg/kg) enhanced memory of contextual fear conditioning (tested off-drug 1 week later) whereas a high dose (75 mg/kg) disrupted memory. Pretraining modafinil did not affect cued conditioning at any dose tested, and immediate posttraining modafinil had no effect on either cued or contextual fear. These results suggest that modafinil's effects of memory are more selective than amphetamine or cocaine and specific to hippocampus-dependent memory.
Modafinil (marketed as Provigil in the United States) is a novel wake-promoting stimulant with low abuse potential used to treat excessive sleepiness and narcolepsy (Bastuji & Jouvet, 1988) . Clinical testing in humans has found positive results whereas testing its effects on depression (Kaufman, Menza, & Fitzsimmons, 2002) , schizophrenia (Turner et al., 2004) , shift work sleep disorder (Roth & Roehrs, 1996) , obstructive sleep apnea syndrome (Pack, Blacke, Schwartz, & Matheson, 2001 ), Parkinson's disease (Nieves & Lang, 2002) , and attention deficit hyperactivity disorder (Taylor & Russo, 2000) . It is currently approved by the U.S. Food and Drug Administration (FDA) for treatment of narcolepsy, shift work sleep disorder, and obstructive sleep apnea/hypopnea syndrome. The drug is also widely prescribed off-label to enhance alertness, attention, or memory for dementia, attention deficit hyperactivity disorder, excessive daytime sleepiness, and depression (O'Connor, 2004) ; an illicit market exists for academic doping as well (Garreau, 2006) . However, research has yet to determine if these latter effects are due solely to its wake-promoting ability or to a specific ability as a cognitive enhancer or nootropic (Giurgea, 1982) .
Recent studies indicate that modafinil has some cognitive enhancing abilities in rodents performing a variety of learning and memory tasks. Beracochea et al. (2001) found that chronic high doses of modafinil (64 mg/kg, but not 8 mg/kg or 32 mg/kg) produced a delay-dependent increase in spontaneous alternation rates on a T maze, indicating enhanced working memory. This enhancement was only present when intertrial intervals were extended from 5 s to 60 s or 180 s, making the task much more difficult for controls. Also on a T maze, modafinil given chronically or acutely (64 mg/kg, but not 32 mg/kg) produced a faster adaptation to a win-stay strategy in a serial spatial discrimination reversal task although not affecting a win-shift strategy (Beracochea et al., 2002 , Beracochea, Celerier, Peres, & Pierard, 2003 . Because the win-shift strategy was not impaired, this suggests that overall cognitive ability is increased, rather than just a selective inability to shift responses. In addition, control subjects performed very well on the win-shift task, but very poorly on win-stay; thus, a lack of enhancement on the win-shift task may have been due to ceiling effects or interactions between the drug and the complexity of the task.
In rats, modafinil (55 mg/kg and 100 mg/kg, but not 30 mg/kg) increased choice accuracy on a delayed nonmatching to position swim task by improving the rate of learning, indicating an enhancement of cognitive processing (Ward, Harsh, York, Stewart, & McCoy, 2004) . Control animals had difficulty learning this task, which further suggests an interaction between the drug effects and task complexity. Recently, Morgan, Crowley, Smith, LaRoche, and Dopheide (2007) reported that modafinil (64 mg/kg) enhanced choice accuracy on a three-choice sustained attention task, but only when attention load was increased by adding a delay in stimulus onset. No effect on visual discrimination was found. Finally,
modafinil (32 mg/kg, 64 mg/kg, and 128 mg/kg) did not increase choice accuracy on a five-choice serial reaction time test in rats and the two high doses increased premature responding, indicating stronger impulsivity (Waters, Burnham, O'Connor, Dawson, & Dias, 2005) . This failure to find an enhancement of choice accuracy may be due to the high accuracy of controls, but even when task difficulty was increased by weakened stimulus duration and intensity, the drug did not facilitate performance. These findings indicate that modafinil does not improve visual sensitivity, but they do not rule out the drug as a cognitive enhancer. The attention load in this study may not have been large enough to see any subtle enhancement of working memory (Morgan, 2007 ). Modafinil's ability to rescue cognitive impairments in sleepdeprived humans is well established (Pigeau et al., 1995) but many recent studies have focused on possible cognitive enhancing effects in healthy, nonsleep deprived individuals. Turner et al. (2003) found that in healthy volunteers, modafinil (100 mg or 200 mg, p.o.; equivalent to about 1 to 3 mg/kg) selectively enhanced performance on cognitive tasks including digit span, visual pattern recognition memory, spatial planning, and stopsignal reaction time. Ironically, a number of cognitive tasks also showed a slowing in response latency. Modafinil (200 mg) also facilitated performance on both a delayed matching task and a numeric manipulation task, indicating that the drug facilitates maintenance and manipulation of information in working memory (Mü ller, Steffenhagen, Regenthal, & Bublak, 2004) . As seen with rodents, increasing the difficulty of these tasks produced stronger enhancement of cognitive processes. Randall et al. (Randall, Shneerson, & File, 2005 , Randall, Shneerson, Plaha, & File, 2003 offered conflicting evidence when modafinil (100 mg or 200 mg) caused few differences in the performance of healthy volunteers on an extensive battery of cognitive tests. Only digit span and visual pattern recognition memory showed enhancement with modafinil, whereas numerous working memory and attention tasks were unaffected. Recent evidence suggests an interaction between the drug and IQ, which may limit the cognitive enhancing effects of the drug in subjects with high IQ scores (Randall et al., 2005) .
Although modafinil may generally be classified as a psychostimulant, evidence suggests it may act via a neural pathway distinct from classical psychostimulants, such as amphetamine or cocaine. C-fos and 2-deoxyglucose autoradiography studies in cats and rats, respectively, demonstrate that modafinil selectively increases activity in the anterior hypothalamic nucleus while classical psychostimulants cause broad activation and generally work through the caudate nucleus and prefrontal cortex (Engber, Dennis, Jones, Miller, & Contreras, 1998; Lin, Hou, & Jouvet, 1996) . Modafinil, like amphetamine and cocaine, relies on dopamine transporters (Wisor et al., 2001 ), but unlike classical psychostimulants, this drug does not significantly increase dopamine levels in the nucleus accumbens (Ferraro, 1997) , which likely accounts for its low abuse potential (Deroche-Gamonet et al., 2002 ). Modafinil appears to amplify the release of glutamate and serotonin whereas inhibiting the release of GABA (Ferraro et al., 1998 (Ferraro et al., , 1999 (Ferraro et al., , 2000 . This may be achieved by blocking dopamine and/or norepinephrine transporters (Madras, 2006; Wisor, 2005) . In this manner, modafinil may promote wakefulness through inhibition of the ventrolateral preoptic nucleus of the hypothalamus, a region known to promote sleep (Gallopin, 2004; Sherin, 1996) . This theory, however, remains controversial (Saper, 2004) .
The current study explored the cognitive enhancing effects of modafinil on two popular memory tasks in mice, the Morris water maze and Pavlovian fear conditioning (freezing). As modafinil appears to be selective in its cognitive enhancing effects, this study tested three different types of memory (context fear memory, cued fear memory, and spatial memory) to further extract subtle effects of the drug. The Morris water maze task requires an animal to repeatedly find a hidden platform to escape a pool of opaque water (Morris, 1984) . Animals are placed in random starting locations and must use distal spatial cues to find the platform. This test of spatial memory relies heavily on the hippocampus and surrounding structures, even after long delays between the training and the lesion (Clark, Broadbent, & Squire, 2005) . Thus, Experiment 1 tested the effects of pretraining modafinil on spatial memory using a Morris water maze. Experiment 2 examined the effects of modafinil on Pavlovian fear conditioning. Fear conditioning relies on the association between an initially neutral conditioned stimulus (CS) and an aversive unconditioned stimulus (US). After a single pairing, the CS alone will elicit a response similar that elicited by the US. When fearful, mice display an innate tendency to exhibit freezing behavior, defined as a lack of movement other than which to breathe. Thus, after a tone (CS) is paired with a shock (US) in a distinct context, mice will freeze in response to presentation of either the tone or contextual stimuli (Anagnostaras, Josselyn, Frankland, & Silva, 2000; Fanselow, 1980) . Context fear, unlike cued (tone) fear, is dependent on the hippocampus, whereas both are dependent on the amygdala (Anagnostaras, Gale, & Fanselow, 2001; Gale et al., 2004) .
In Experiment 1, we began by examining the effects of a high dose of modafinil on water maze learning, which produced substantially enhanced learning. In Experiment 2, we examined Pavlovian fear conditioning to examine hippocampusdependent and independent learning. We began by giving injections of a high dose of modafinil either before or after training to assess its effects on memory formation and consolidation. If modafinil delivered before training affected memory of the task, this would suggest the drug facilitates the formation of memory. However, if modafinil delivered after training had enhanced memory of the task; the drug could be involved in memory consolidation. As reported below, posttraining injections had no effect on memory formation and were thus discontinued in subsequent studies. A high dose of modafinil delivered pretraining, however produced a substantial deficit in context conditioning. Recent evidence from our laboratory (Wood & Anagnostaras, in press; Wood, Fay, Sage, & Anagnostaras, 2007) indicates that the classical psychostimulants cocaine and amphetamine both enhance Pavlovian conditioned fear at very low doses and disrupt it at high doses; those effects were not specific to hippocampus-dependent learning. Thus, we predicted modafinil would have similar effects, which could be specific to hippocampus-dependent memory. Therefore, in Experiment 3, we set out to establish a dose-response curve for modafinil using Pavlovian fear conditioning. The results are discussed in terms of modafinil's ability to enhance or disrupt memory.
A P A P R O O F S

Method and Materials
Subjects
Experiments were conducted using hybrid C57B6x129T2SvEms/J (129B6, stock from the Jackson Laboratory, West Sacramento, CA) mice that were at least 8 weeks old before testing. Mice were weaned 3 weeks after birth and group housed (2 to 5 mice per cage) with unrestricted access to food and water under a 14:10-hr light-dark cycle. All animal care and experimental procedures were approved by the UCSD IACUC and in accordance with the National Research Council Guide for the Care and Use of Laboratory Animals.
Experiment 1-The Effect of Pretraining Modafinil on Morris Water Maze Learning
Mice were placed into a water maze (made opaque with white tempera paint) and used distal cues (i.e., posters, etc.) to locate a stationary square platform hidden 1 cm below water. The water maze was made of a circular tub (height ϭ 74 cm, diameter ϭ 122 cm) and the water was heated to 23.5°C using a built-in heater. Distal cues were arranged throughout the room and included a door, a computer, and several posters. The platform, 1 cm below the pool surface, was 12-cm square and covered with a plastic mesh to provide a textured surface for the mice to grip. The water was colored with white tempera paint so the platform would not be visible. During training, a mouse was lowered into the pool from one of four randomly assigned starting locations; the trial lasted until the mouse found the platform where it remained for 5 s. If the mouse did not find the platform in 60 s, it was placed on the platform and remained there for 20 s to ensure exposure to the reinforcement and distal cues. Probe tests consisted of 60-s trials with the platform removed. Mice were dried in a towel after completing the final trial each day.
Each training day consisted of three consecutive trials administered on Days 1 to 4 and 6 to 8. In addition, a probe test (given 15 min after training when on the same day) was administered on Days 5, 7, and 8. Location was tracked using an automated video tracking system connected to an overhead video camera (Actimetrics Inc., Evanston, IL). Probe trials were scored by computer using water maze software, measuring percentage of time in target quadrant (TQ).
The modafinil group (n ϭ 10) received modafinil (Cephalon Inc., Frazer, PA), 75 mg/kg ip, 15 min before each of the first 7 days of training and saline on the final day whereas the saline group (n ϭ 10) received saline (0.9% sodium chloride, 10 ml/kg) before each of the first 7 days of training and modafinil on the final day. Modafinil was suspended 7.5 mg/ml in sterile water with 10% tween 80.
Experiment 2-The Effect of Pre-and Posttraining Modafinil on Fear Conditioning
Conditioning context. Four mice were tested concurrently, in individual conditioning chambers housed in a windowless room. Each chamber (32 cm wide, 25 cm high, 25 cm deep) was located within a sound-attenuating chamber (63.5 cm wide, 35.5 cm high, 76 cm deep; Med-Associates Inc., Georgia, VT) and equipped with a speaker in the side wall and a stainless steel grid floor (36 rods, each rod 2-mm diameter, 8-mm center to center; Med-Associates Inc., Georgia, VT) and stainless steel drop pan. During each trial chambers were scented with 7% isopropyl alcohol to provide a background odor, and background noise (65-dB) was provided by internal fans. Each sound-attenuating chamber was equipped with an overhead LED light source providing white and near infrared light, and an IEEE 1394 progressive scan videocamera with a visible light filter (VID-CAM-MONO-2A; Med-Associates Inc., Georgia, VT) connected to a computer and video equipment in an adjacent room. Each chamber was connected to a solid-state scrambler, providing AC constant current shock, and an audio stimulus generator, controlled via an interface connected to a Windows computer running Video Freeze (Med-Associates Inc., Georgia, VT), a novel program designed for the automated assessment of freezing and activity. In results that will be published more fully elsewhere, computer and human scored data had a correlation of .971 and a fit of computer ϭ Ϫ.007 ϩ .974 ϫ human (for more detail on this calculation, see e.g., Anagnostaras et al., 2000) .
Alternate context. For testing tone fear the conditioning context was modified along several dimensions. White acrylic sheets were placed over the grid floor to provide a different sensory experience and a black plastic, triangular tent translucent only to near infrared light was placed inside each box, with each side of the triangle measuring 23 cm. Only near infrared light was used creating a completely dark environment visible only to the videocamera. Between tests, the chambers were cleaned and scented with a 5% white vinegar solution.
During each phase, freezing was measured by computer. During fear conditioning training, mice were given an intraperitoneal injection of modafinil or saline and 15 min later placed into one of four identical chambers. After 2 min of baseline activity, a 30-s tone (2.8 kHz, 85dB/A scale) was presented and coterminated with a scrambled footshock (2 s, 0.75mA, AC constant current) delivered through the floor of the cages. The training trial continued for 2.5 additional min before an additional 5-min test of immediate memory (postshock freezing) in the same chamber. Mice then received a second injection of modafinil or saline (see groups below) and were returned to their home cages. One week later, mice were returned to the training chambers for an assessment of context fear, during which no injection or shock was given. Freezing was monitored for 5 min and mice were then returned to their home cages. Twenty-four hours later, mice were given a tone test; they were placed in the alternative context described above. Baseline activity was assessed for 2 min, after which the training tone was presented for 3 min and then the mice were returned to their home cages.
Mice were randomly assigned to one of three groups indicating the type of injection given before and after training, respectively: modafinil/saline (n ϭ 10), saline/modafinil (n ϭ 10), or saline/ saline (n ϭ 10). Each injection was 75 mg/kg modafinil ip, or saline (0.9% 10 ml/kg).
Experiment 3-Dose Response Curve With Pretraining Modafinil
Mice were given the same training as in Experiment 2, although a 0.5 mA shock was used after pilot data that suggested it would be easier to observe learning enhancements at lower levels of fear. Given that posttraining modafinil at a high dose had no effect on tapraid5/zeh-bne/zeh-bne/zeh00109/zeh2372d09z xppws Sϭ1 11/29/08 10:15 Art: 2008-0017
fear conditioning, we only examined the full dose-effect curve for modafinil given pretraining. Mice were randomly assigned to one of five groups indicating the amount of modafinil given prior to training: 0 mg/kg (saline control, n ϭ 16), 0.075 (n ϭ 13), 0.75 (n ϭ 13), 7.5 (n ϭ 12), or 75 mg/kg (n ϭ 12), to form a full dose-effect curve. In pilot experiments, we found a high rate of lethality above 100 mg/kg so higher doses were not explored. Each dose of modafinil was suspended in sterile water with 10% tween 80 and administered at 10 ml/kg ip. Figure 1 depicts the latency ( Figure 1A ) to reach the platform for each of the training trials and the average velocity ( Figure  1B ) for each group during training trials on Day 1 and each probe test. Data were entered into a multivariate analysis of variance (MANOVA) and the level of significance was set at ␣ Ͻ .05. Post hoc comparisons were done with Fisher's protected least significant difference (PLSD). No group differences were found during acquisition for latency, F(1, 18) Ͻ 0.1, ns; or velocity, F(1, 18) ϭ 3.23, ns. Figure 2 depicts the time spent in each quadrant during the first (Figure 2A ), second ( Figure 2B ), and third probe tests ( Figure 2C ). Because mice often become disinterested and wander once they discover the platform is not there, only the first 30 s were analyzed. To assess learning of the task, paired comparisons between the TQ and opposite quadrant (OP) were used. During Probe 1, time spent in each quadrant did not differ between modafinil mice and saline mice, F(1, 18) ϭ 0.425, ns; and neither group spent significantly more time in TQ than OP, modafinil: F(1, 9) ϭ 0.34, ns; saline: F(1, 9) ϭ 4.78, ns; indicating that neither group had learned the task. During Probe 2, modafinil mice spent more time in TQ than saline mice, F(1, 18) ϭ 5.33, p Ͻ .05. Modafinil mice spent more time in TQ than OP, F(1, 9) ϭ 50.84, p Ͻ .001, although saline mice did not, F(1, 9) ϭ 5.02, ns; indicating that modafinil mice learned the location of the platform whereas saline mice did not. When treatments were reversed in Probe 3, modafinil mice (that received saline) continued to spend more time in TQ than saline mice (that received modafinil), although this result was out of the range of significance, F(1, 18) ϭ 4.09, p ϭ .058. Modafinil mice spent more time in TQ than OP, F(1, 9) ϭ 68.72, p Ͻ .001, although saline mice did not, F(1, 9) ϭ 3.28, ns. These results indicate that modafinil mice learned the task by the seventh day of training whereas saline mice did not, given the relatively small amount of training. Also, modafinil mice retained this knowledge of the task when tested off drug and saline mice remained unaware of the location of the platform when tested on drug.
Results
Experiment 1-Water Maze
Experiment 2-Fear Conditioning With Pre-and Posttraining Modafinil
Percentage freezing during training and the immediate memory test is illustrated in Figure 3 . Group differences were observed during training, F(2, 39) ϭ 22.16, p Ͻ .05; and the immediate memory test, F(2, 39) ϭ 70.77, p Ͻ .05. When compared to saline/saline controls, mice that received modafinil prior to training (modafinil/saline) showed a strong deficit in freezing during training, F(1, 30) ϭ 30.65, p Ͻ .001; and the immediate memory test, F(1, 30) ϭ 82.52, p Ͻ .001; perhaps caused by the locomotor stimulatory effects of the drug or an immediate memory defect. Group differences were also observed during the off-drug context test one week later (Figure 4a ), F(2, 39) ϭ 5.33, p Ͻ .05. Modafinil/saline mice showed a strong deficit in context memory compared to saline/ saline controls, F(1, 30) ϭ 5.35, p Ͻ .05. This difference cannot be attributed to the stimulatory effects of the drug as this test was performed off drug, and modafinil did not produce an increase in activity at any dose (see, e.g., Figure 1b and 6a) . During the tone test (Figure 4b ) no group differences were 
Experiment 3-Dose Response Curve With Pretraining Modafinil
Percentage freezing differed among groups during training (Figure 5a ), F(4, 61) ϭ 7.88, p Ͻ .001. Mice that received 0.075 mg/kg modafinil froze significantly more than saline controls (i.e., 0 mg/kg; Fisher's PLSD, p Ͻ .05) and mice that received 75 mg/kg again showed a strong deficit in freezing ( p Ͻ .05). No other doses differed significantly from saline controls. Differences were also found during the immediate memory test, F(4, 61) ϭ 8.10, p Ͻ .001. Mice that received 0.75 mg/kg showed enhanced immediate memory (Figure 5b , p Ͻ .05) whereas mice that received 75 mg/kg mice froze significantly less than controls ( p Ͻ .05). As stated previously, this decrease in freezing may be caused by the stimulatory effects of the drug or an immediate memory defect, although we did not detect any increase in activity from any dose of modafinil (Figures 1a, 6b ). Baseline activity (measured in arbitrary units) during the first 2 min of training (Figure 6a ) showed group differences, F(4, 61) ϭ 2.63, p Ͻ .05. Post hoc analysis showed that activity was reduced in mice that received 0.075 mg/kg compared to saline controls ( p Ͻ .05). No other doses produced significant changes in activity. Figure 6b illustrates that during the 2-s shock no differences in activity were found, F(4, 61) ϭ 1.26, ns; indicating that all groups had a similar reaction to the shock. Group differences were again found during the context test, done off-drug 1 week later, F(4, 61) ϭ 7.76, p Ͻ .001. Compared to controls, contextual memory (Figure 7a ) was enhanced in mice that received 0.75 mg/kg ( p Ͻ .05) and disrupted in those that received 75 mg/kg ( p Ͻ .05). No other groups differed significantly from controls. During the tone test no differences were 
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found during the 2-min baseline, F(4, 61) ϭ 1.52, ns; or the tone-on portion of the test, F(4, 61) ϭ 1.40, ns (data not depicted).
In this experiment, a moderately high baseline was encountered, and less tone-elicited freezing, so we further examined tone freezing by subtracting the baseline freezing from tone-elicited freezing. This was likely due to the fact that we reduced shock intensity from Experiment 2 (0.75 to 0.5 mA) because pilot data showed cleaner effects on context freezing. However, no significant differences were found after subtracting the baseline from the tone-on portion of the test (Figure 7b ), F(4, 61) ϭ 1.45, ns. Taken together with the results of Experiment 2, in which much more robust freezing was encountered, there is little evidence that modafinil affected tone conditioning at any dose. However, mice given saline exhibited 6.1 Ϯ 1.5% freezing whereas those given 0.75 and 7.5 mg/kg exhibited 10.1 Ϯ 2.7% and 10.6 Ϯ 2.3% freezing, respectively. This suggests that we may not have had enough power to detect a potential enhancement of tone fear conditioning at those doses (Figure 7b ).
Discussion
The current study examined the effects of modafinil on three types of memory (spatial memory, context fear memory, and cued fear memory) and found specific enhancements of hippocampus- 
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dependent spatial memory and contextual fear memory, but found no effect on hippocampus-independent cued fear memory. In contrast, the classical stimulants amphetamine and cocaine produced similar enhancements and deficits that were not specific to contextual versus cued memory (Wood & Anagnostaras, in press; Wood et al., 2007) . These data suggest that modafinil has similar effects on memory as the classical psychostimulants but acts more specifically on hippocampus-dependent memory. A high dose of pretraining modafinil (75 mg/kg) enhanced performance on Morris water maze learning. After 6 days of training, the modafinil group successfully learned the task whereas controls did not. More interesting, the effect was not state dependent as the group trained on modafinil continued to outperform controls during the reversal trial. This indicates that modafinil facilitated the acquisition of spatial memory, rather than retrieval or performance (see Figure 2) .
Using a standard fear conditioning protocol, we found that a large dose of pretraining modafinil (75 mg/kg) disrupted contextual fear memory but spared cued fear memory. We also found that the same dose of modafinil delivered posttraining did not affect context or cued fear memory. This suggests that modafinil does not affect consolidation, and thus, any effects are likely due to changes in memory formation. Finally, we found that a very low dose of pretraining modafinil (0.75 mg/kg) enhanced contextual fear memory and we replicated the finding that a large dose disrupted it. We found no effect of modafinil at any dose on cued fear memory.
These results suggest that modafinil works selectively on hippocampus-dependent memory. The animal literature thus far 
has focused on relatively high doses of the drug because most of the effects have only been detected with large doses. We are the first to report a selective enhancement of memory at very low, clinically relevant, doses of modafinil. The dose that enhanced contextual fear memory is roughly equivalent to the dose used in human clinical patients (typically 100 to 200 mg; about 1 to 3 mg/kg). This enhancement may be unique to contextual fear conditioning, but it warrants testing on other tasks, and thus, future studies investigating the cognitive effects of modafinil should include similar, more clinically relevant doses. Although many differences in human and mouse drug disposition may exist, given the little knowledge we have, we feel that a straight mg/kg conversion is the most conservative approach (Wood & Anagnostaras, in press ). Certainly higher doses used in other animal studies (e.g., 75 mg/kg, or about 60, 100 mg modafinil tablets) are not likely to be clinically relevant. The Morris water maze task is a well-established spatial memory task in rodents (Morris, 1984) . However, to ensure the drug was active during training, the typical protocol was modified to ensure all training and probe trials occurred shortly after drug administration. Therefore, trials were administered in a massed fashion, rather than distributed over a few hours. This may have made it more difficult for controls, and possibly made it more susceptible to the enhancing effects of modafinil. The fixedlocation hidden platform version of the maze, as we used here, is not generally thought to involve working memory and by definition is a reference memory task (cf., Steele & Morris, 1999) . In addition, Probes 2 and 3 were administered 15 min after the end of a training day, although no training occurred on the day before Probe 1. This may account for some of the differences between the results on the probe trials.
Throughout the animal literature modafinil's effects appear to be related to task demands (Morgan, 2007) . High doses of the drug have enhanced performance on a T maze (Beracochea, 2001 (Beracochea, , 2002 (Beracochea, , 2003 , delayed nonmatch to position swim task (Ward, 2004) , three-choice sustained attention task (Morgan, 2007) , and now the Morris water maze. These tasks are difficult for mice and require extensive training, and in some studies the effects were not seen until the attention or working memory demands of the tasks were increased. Thus, high doses of modafinil may only enhance performance only on tasks that involve considerable difficulty, working memory, or attention.
Contextual fear memory is characterized by a two-step associative process whereby the animal must first form a memory of the context (thought to occur in the hippocampus) and then an association between a shock and the context must be formed (thought to occur in the amygdala; see Anagnostaras et al., 2001; Wiltgen, Sanders, Anagnostaras, Sage, & Fanselow, 2006) . A low dose of pretraining modafinil enhanced contextual fear memory without affecting tone memory, suggesting that the drug was able to strengthen contextual memories. This task is relatively simple, and generally not thought to involve working memory (Anagnostaras et al., 2003) .
Given that the shock is very arousing and the attentional demands necessary for the task are limited, it is surprising that a drug known for increasing attention and arousal would increase contextual fear memory. It may be that at low doses, modafinil selectively enhances associative ability whereas at high doses, it may benefit tasks that require increased attention and arousal or working memory. Most studies done with cognitive tasks have shown dose-dependent increases with the highest doses being the most efficacious. Alternatively, the drug may enhance attention processes that manifest themselves in a similar way. This alternative is supported by the disruption of contextual fear memory at a high dose suggesting an inverted U shaped curve, a common characteristic of attention. Consistent with this, chronically stressed mice showed decreased performance on a T maze spontaneous alternation task when given a large dose (32 mg/kg) of modafinil (Pierard, 2006) . Increases in attention from both stress and the drug may interact to overwhelm the animal and decrease performance. More interesting, under stressful conditions, the lowest drug dose tested (8 mg/kg) showed the highest level of performance. In light of the current study, even lower doses of modafinil may have further facilitated T maze performance in chronically stressed mice.
Another interesting finding presented here is the unexpected dissociation between Morris water maze learning and contextual fear conditioning, two hippocampus-dependent tasks. Although a high dose of modafinil enhanced Morris water maze learning, it disrupted contextual fear conditioning. This seems to indicate that modafinil may act in different ways to produce enhancements (or deficits) on these tasks. Further study is required to understand these differences, but would begin with site-directed administration of modafinil in suspect learning and memory structures, such as the hippocampus and amygdala.
A number of alternative explanations must be considered to account for the selective enhancement and disruption of contextual fear conditioning. For instance, it is possible that modafinil may dose-dependently disrupt nociception. However, we found no evidence that modafinil altered shock sensitivity (Figure 6b) . Moreover, psychostimulants (Markham et al., 2006) , can produce anxiogenic states that might increase fear. This is also unlikely as modafinil did not affect tone fear memory suggesting it did not promiscuously increase fear. Moreover, in clinical trials, the incidence of anxiety in patients treated with modafinil was around 5% and similar to placebo-treated controls suggesting the drug does not produce much anxiety overall (Cephalon, 2004) .
Another possible explanation is that when learning occurs ondrug, the subject would perform better when tested on-drug. Statedependent learning could theoretically account for the deficit in contextual fear conditioning at high doses, but cannot explain the enhancement at the low dose. This theory is further undermined by the enhancement and deficit in the immediate memory test performed on the drug, which is similar to the effects seen off drug. Also, state-dependent learning would be unlikely to affect contextual fear memory without having an effect on tone fear memory, which is what we observed. Finally, when directly tested on the Morris water maze we found no evidence of state-dependent effects of modafinil (Figure 2c) .
Psychostimulants can produce locomotor activity that could in theory disrupt freezing when the animals are on drug (Wood & Anagnostaras, in press; Wood et al., 2007) . This is unlikely in the present case as we found no increase in activity at any dose of the drug (Figures 1b, 6a) . Moreover any undetected hyperactivity on training is unlikely to be responsible for the deficit in contextual fear memory because this test occurred off-drug 1 week later. In fact, only the group that exhibited any change in activity received 0.075 mg/kg of modafinil, and that dose produced no effects in any of the memory tests. Thus, the dose-effect curves for activity and A P A P R O O F S the effects on learning were so markedly different they suggest the drug's locomotor affects and mnemonic effects are unrelated. Wood et al. (2007) showed that a low dose of acute pretraining cocaine enhanced contextual fear memory and cued fear memory. A high dose of cocaine disrupted both forms of memory. The present study suggests that modafinil works through a similar, but more selective, mechanism as classical psychostimulants. Thus modafinil is very valuable as a cognitive performance enhancer because classical psychostimulants have often appeared to be cognitive enhancers, but their side effects and abuse potential have limit clinical use as nootropics. There are no reports of modafinil addiction, rather modafinil appears useful in treating cocaine, amphetamine, and nicotine addiction (Brower, 2006; Ling, Rawson, Shoptaw, & Ling, 2006; Sofuoglu, Waters, & Mooney, 2008) . Overall, the data suggests that modafinil is a better choice as a cognitive enhancer than classical psychostimulants for humans. In addition, the combination of its wake-promoting and cognitive enhancing effects makes it an ideal candidate for improving cognition in professions that often suffer from a lack of sleep, such as shift workers or military personnel.
